Thin film semiconductor neutron detectors are an attractive candidate to replace 3 He neutron detectors, due to the possibility of low cost manufacturing and the potential for large areas. Polycrystalline CdTe is found to be an excellent material for thin film charged particle detectorsan integral component of a thin film neutron detector. The devices presented here are characterized in terms of their response to alpha and gamma radiation. Individual alpha particles are detected with an intrinsic efficiency of >80%, while the devices are largely insensitive to gamma rays, which is desirable so that the detector does not give false positive counts from gamma rays. The capacitance-voltage behavior of the devices is studied and correlated to the response due to alpha radiation. When coupled with a boron-based neutron converting material, the CdTe detectors are capable of detecting thermal neutrons. V C 2014 AIP Publishing LLC. This study reports on a thin film, polycrystalline CdTebased charged particle detector. The thin film diodes reported here, with a diameter of up to 3.5 mm, can function effectively as single-event charged particle detectors, and, in turn, solid state thermal neutron detectors. One benefit of using thin film CdTe is the low cost of materials, recently estimated at <$10 per m 2 for a 2.5 lm thick CdTe film, which allows for the possibility of scaling the process up to large areas using technologies developed by the solar cell industry.
1 Another advantage of using a thin film semiconductor for charged particle detection is to minimize the interference from gamma-ray background activity. We previously used Monte Carlo simulations to estimate the minimum thickness necessary to optimize neutron detection for a CdTe semiconductor layer with a 10 B-based neutron converting material is approximately 1-3 lm, making the intrinsic gamma detection efficiency extremely low, (1 Â 10
À6
. 2 Furthermore, recent developments in thin film transistor (TFT) active pixel sensors enable us to leverage existing fabrication techniques of the flat panel display industry to envision economical, large area, and pixelated neutron detectors. Newly reported TFT-based active pixel sensor amplifiers have demonstrated the capability of reliably reading out single alpha strikes-consistent with those observed from the thermal neutron capture reaction in 10 B. 3 There are previous reports in the literature of thin film charged particle and neutron detectors fabricated from polycrystalline diamond with a thickness of 14.5-25 lm. 4 Amorphous Si detectors with thicknesses of 20-30 lm have also been utilized as charged particle and indirect neutron detectors. 5 More recently, there are reports of thin film neutron detectors based on planar crystalline-Si diodes fabricated on silicon-on-insulator (SOI) substrates in which the active layer Si is only 5-7 lm; in this case, the authors report a gamma detection efficiency of approximately 2 Â 10 À8 using a 60
Co excitation source. 6 With regards to CdTe, there have been reports of extremely radiation hard, thick polycrystalline CdTe films (300 lm) used for monitoring at the Large Hadron Collider that are capable of detecting minimum ionizing charged particles, in this case b particles from a 90 Sr source. 7 There are also more recent reports of thick epitaxial CdTe films (200 lm) deposited on a GaAs substrate by close-space sublimation that are reportedly sensitive to alpha radiation, though details on the alpha measurement are few. 8 There are no reports of thin film polycrystalline CdTe charged particle detectors available in the literature.
The fabrication process of the CdTe diodes used in this study has been previously reported. 9 Briefly, they were fabricated using the following procedure: CdS was deposited using chemical bath deposition (CBD) on a fluorinated SnO 2 (FTO) coated glass substrate (10 X/ٗ). The CBD of the CdS film was carried out in a beaker using an aqueous solution of NH 3 (2.0 mol/l), NH 4 Cl (0.2 mol/l), CdCl 2 (0.1 mol/l), and CS(NH 2 ) 2 (0.5 mol/l) at 75 C for a duration of 10 min. Subsequently, CdTe was deposited using close-space sublimation (CSS). The atmosphere used during the CSS deposition was an Ar:O 2 mixture, with an O 2 partial pressure of 50% and a total pressure of 0.1 Torr; prior to deposition, the system was evacuated to a base pressure of 8 Â 10 À6 Torr. The CSS deposition time was 3 min using a substrate to source distance of 2 mm, with substrate and source temperatures of 550 and 650 C, respectively. The CdTe thin films were coated with 200 nm of CdCl 2 , also deposited by CSS, and annealed at 400 C for 30 min in air. The excess CdCl 2 a)
Author to whom correspondence should be addressed. salt and residue was removed by cleaning in an ultrasonic bath of isopropyl alcohol at 80 C. The diodes were completed by vacuum evaporation of 2 nm Cu and then 200 nm of Au through a shadow mask, followed by a final lowtemperature anneal at 180 C in Ar atmosphere for 20 sec. The CdTe layer was approximately 6 lm thick as determined using profilometry. The grain size was 1-4 lm as determined by scanning electron microscopy. A cross-sectional diagram of a CdTe diode with labeled thicknesses is shown in Figure 1 (a).
An Ortec ULTRA ion-implanted silicon diode biased at 50 V with a depletion width of 100 lm was used for source energy and intensity calibration. The amplification and counting system used for the pulse height analysis were an Ortec 109 A preamplifier, an Ortec 575 A shaping amplifier, an Ortec 428 detector bias supply, an Ortec 480 Pulser, and an Ortec Easy-MCA 2 k multichannel analyzer connected to a PC computer. A schematic shows how the devices are connected to the amplification and counting system in Figure  1 Cs sources were purchased from Spectrum Techniques, Oak Ridge, TN. Capacitance measurements were conducted using an Agilent 4284 LCR meter. A Pu:Be neutron source at the University of North Texas was used to verify the response of the diodes to neutrons when coupled with a 10 B 4 C-based neutron converter film.
The pulse height spectra in Figure 2 (a) show the response of 0.2 and 9.6 mm 2 CdTe diodes (circular devices with a top electrode diameter of 0.5 and 3.5 mm, respectively) in comparison with a 100 mm 2 commercial Ortec ULTRA ion-implanted Si detector used for source calibration when exposed to alpha radiation. The curve labeled "Pulser" represents a pulsed input into the preamplifier to illustrate the noise levels inherent in the counting/amplification system. The pulser signal has a full width half maximum (FWHM) of 22 keV. The curves labeled "Ortec" show the response of the commercial detector when irradiated with a 210 Po source in a 10 Pa vacuum at a distance of 37 mm and in air at a distance of 18 mm, the FWHM are 74 and 243 keV, respectively. The measurement done in air with the Ortec diode was also used for the source intensity calibration, which was found to be 3.3 Â 10 3 Bq. We assume the (a) Pulse height spectra of the pulser, the Ortec Si diode used for calibration and the response of two different size CdTe diodes when exposed to 210 Po alpha radiation at a distance of 18 mm in air; the counting times for the 9.6 mm 2 and 0.2 mm 2 diode were 10 min and 14.4 h, respectively, and (b) zoomed response of the 0.2 mm 2 diode compared to the simulated pulse height spectrum generated using MCNPX for 4 lm of active CdTe in a 6 lm diode; also shown is the experimental response of the diode when exposed to a 137 Cs source and a dark spectrum (no radiation). charge collection efficiency of the Ortec Si diode to be 100%, as has been reported in the literature. 10 The curves labeled "CdTe" in Figure 2 (a) show the response of two different size CdTe diodes under 210 Po irradiation at a distance of 18 mm in air. The counting time for the 9.6 mm 2 diode was 10 min, while the 0.2 mm 2 diode collected data for 14.4 h. The intrinsic alpha particle counting efficiencies of the 9.6 mm 2 and the 0.2 mm 2 devices were estimated to be greater than 90% and 85%, respectively. This calculation was performed using a lower level discriminator (LLD) of 400 keV and calculating the device area based on the size of the Cu/Au contact. We believe that the counting efficiency of the smaller device may be slightly lower because a significant portion of the device is occluded by the probe used to contact the top Au electrode (see Figure 1 (b) for a photograph of the experimental setup). It is important to note that these efficiencies are estimates because the alpha particle source was not collimated into a beam smaller than the device under test, and because the probe is blocking some fraction of the device.
The Si and CdTe pulse height spectra can be plotted on a common energy scale by assuming an ionization energy of 3.63 eV per electron-hole pair for Si and 4.43 eV per electronhole pair for CdTe. 11 Only a fraction of the energy of the alpha particle is collected in the CdTe diode. The Si-diode results show that the energy for alpha particles from the ), which is biased at 2 V reverse bias, has a peak centered at 878 keV with a FWHM of 234 keV that is well separated from the background, which only extends to about 100 keV. The larger diode (9.6 mm 2 ), which is biased at approximately 100 mV due to high leakage current, has a background that extends out to almost 400 keV and a peak position of 710 keV with a FWHM of 291 keV. Po source at a distance of 18 mm in air, as well as a simulated pulse height spectrum of a 6 lm thick CdTe diode with 4 lm of active CdTe. The simulated spectrum was created using MCNPX v2.7 by directing 5.3 MeV alpha particles through 18 mm of air at normal incidence onto a CdTe diode structure in which the CdTe is split up into two layers: a 2 lm thick inactive or "dead" layer just below the Au contact layer and a 4 lm active layer that is in contact with the CdS layer. A pulse height tally was used to determine the energy deposition of each alpha particle in the active CdTe layer. 12 There is excellent agreement between the peak position for the experimental results and the simulated pulse height spectrum. The larger FWHM for the experimental data is expected because no spectral broadening in the detector was incorporated in the simulation. The width of the simulated peak is due to the alpha particles passing through 18 mm of air, the top electrode, and the 2 lm "dead" layer of CdTe. In addition to these factors, the FWHM of the experimental peak is broader due to charge trapping in the semiconductor material and electronic noise.
The dark spectrum in Figure 2 (b) was recorded with no radioactive source in the probe station for approximately 14 h in order to determine the response of the detector due to background radiation and electronic noise. The gamma response of the 0.2 mm 2 diode is also shown in Figure 2(b) . A 1.9 Â 10 5 Bq
137
Cs source was used to irradiate the device with 661 keV gamma rays. The live time of the measurement was more than 65 h, and there were zero pulses registered above 220 keV. Over that time period, we calculate there were 2 Â 10 6 gamma rays incident on the device, allowing us to estimate an upper bound for the intrinsic gamma detection efficiency of 0.5 Â 10
À6
, using a 300 keV LLD. The intrinsic gamma detection efficiency of a CdTe based diode with a thickness 10 lm and an LLD of 300 keV should be less than 1 Â 10
À11
. 2 The dark spectrum and the 137 Cs spectrum were both recorded at a detector bias of À2 V. The counts in the 210 Po spectrum between 125-625 keV are obviously due to alpha particles, as they are absent from the 137 Cs spectrum and the dark spectrum. We suspect that these counts are due to alphas hitting just beyond the edge of the Cu/Au electrode, within 1-100 lm.
A capacitance-voltage (C-V) curve from a 0.2 mm 2 device is shown in Figure 3(a) . The data were recorded at 10 kHz, and the capacitance density was calculated simply by normalizing by the area of the top electrode. The inset in Figure 3 (a) shows the corresponding effective carrier concentration versus depletion width, calculated using the onesided junction approximation as described by Schroder.
13
The "U-shape" of the apparent carrier concentration versus depletion shown in the inset of Figure 3(a) is well known and typical of CdTe solar cells; it is attributed at least in part to deep level defect states and a non-ohmic back contact. 14 The maximum depletion width is approximately 3.75 lm, and at 2 V reverse bias it is slightly less than 3.5 lm. Thus, the assumption of a 4 lm active layer and a 2 lm "dead" layer used in the simulation in Figure 2(b) is justified. Recent reports in the literature suggest that by reducing the CdTe film thickness to 1-3 lm, the barrier that forms at the back Cu/Au contact due to a non-ohmic junction can be reduced or eliminated, and the thickness of the CdTe layer is better matched to the mobilities and lifetimes of charge carriers, allowing for enhanced charge collection and reduced materials cost. 15 In Figure 3(b) , the alpha response of the 0.2 mm 2 device as a function of voltage is shown for the 210 Po source at 18 mm in air. The error bars represent the FWHM of the Gaussian fits of the collected pulse height spectra. On the right axis is the calculated depletion width from the C-V data in Figure 3(a) . These data indicate a strong correlation between depletion width and the amount of charge collected in the CdTe diode. Based on these results and the experimental and simulated alpha spectra in Figure 2(b) , it appears that charge collection occurs primarily in the depletion region of the diode, or at least within a few hundred nanometers from the edge of the depletion region. This is in agreement with reported values of the minority carrier diffusion length for polycrystalline CdTe, which are in the range of 700-2000 nm, suggesting that charge collection is possible from several hundred nanometers beyond the depletion region. 16 Neutron detection capability was confirmed using a 10 B 4 C based neutron converter film placed in close proximity to the diode and a 7.4 Â 10 10 Bq PuBe neutron source moderated with paraffin wax at the University of North Texas. A 9.6 mm 2 CdTe sensor diode was placed in a metal box approximately 50 cm from the neutron source, with 3 in. of paraffin wax below the metal box to moderate the neutron source. The pulse height spectra in Figure 4 show the response of the diode to the neutron radiation after 15 min with and without the 10 B 4 C converter layer placed on top of the Cu/Au electrode.
In conclusion, we have demonstrated a charged particle and indirect thermal neutron detector based on a thin film CdTe diode. The intrinsic detection efficiency of alpha particles was estimated to be >80%, while the intrinsic detection efficiency of 661 keV gamma rays was measured to be <1 Â 10 À6 and is expected to be much lower. We believe these devices offer the possibility of fabricating large area, low cost thermal neutron detectors by leveraging well developed CdTe solar cell and TFT technology. Fig. 4 . Pulse height spectra of 9.6 mm 2 CdTe diode in front of the neutron source with and without a neutron converter film, in which pulses above 350 keV are only observed for the measurement with the converter film, due to alpha particles being generated via neutron interactions with the 10 B in the converter film.
